Stabilization of chalk for road making purposes. by Judd, Harry.
UNIVERSITY OF SURREY LIBRARY
tim;
JS'Vr*M
mrn
C  . J^T>T) |2o ft v> M  < M  Pu ^  p'O $
» o q g3iniu.m f- i .■iL^jnannnwtjMii ^ i j wiir '.n iiM ^ ij JJ'nii'»JWmm»ii"-»ti«MMWniiiMi» » LI bin i i b
&r$-
|v^ | agree that the above thesis/dissertation shall be available for reading in
|^J$%ccor dance with the regulations governing the use of University of Surrey theses
tMM
|^|,AuthorTs Signature
pfe|
IV- --------------------------------- /
®^| undertake not to reproduce any portion of, or to use any information derived
If^lrom, this thesis without first obtaining the permission, in writing, of the
^ L ib r a r ia n  of the University of Surrey.
iV-V/V/V- Date Signature Address
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if materia! had to be removed,
a note  will indicate the deletion.
Published by ProQuest LLC(2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
UNIVERSITY OF SURREY
Regulations for Higher Degrees: Copyright
Preamble
Dissemination of knowledge is one of the objects of the University. Therefore 
Members of the University and others who submit theses/dissertations for 
higher degrees are expected to relinquish to the University certain rights of 
reproduction and distribution.
Moreover it is recognised that applicants owe a duty to their Departments of 
study, the Academic Staff and sponsoring bodies for their respective contribu­
tions to the research. Within the limits of these requirements, the author’s 
copyright is safeguarded.
Regulations
1. When submitting a thesis/dissertation for the purposes of a higher 
degree the applicant shall sign an irrevocable authority in prescribed  
form appointing the Librarian his attorney with the right to reproduce 
the thesis/dissertation by photocopy or in microfilm and to distribute 
copies to those institutions or persons who in the Librarian ’s opinion 
require them for academic (as distinct from commercial) purposes.
2. The Librarian in consultation with the appropriate Department of study 
or sponsoring body shall have the right to refuse to provide copies, or 
to impose such conditions as he thinks fit on the provision of copies, 
with the object of safeguarding the applicant’s copyright and the interests 
of the University and the sponsoring body.
3. These Regulations are subject to requirements of any body under whose 
sponsorship the research project giving rise to the thesis/dissertation 
is carried on.

THESIS SUBMITTED FOR THE DEGREE OF M. PHIL,
IN THE
FACULTY OF ENGINEERING OF THE UNIVERSITY OF SURREY
STABILIZATION OF CHALK 
FOR ROAD MAKING PURPOSES 
BY
HARRY JUDD
C.Eng., M.I,Struct»E., F.G.S.
December 1976
ABSTRACT
Chalk occurs at or near the surface of nearly 15$ of England. 
A large number of roads of all types have and will in the future be 
constructed over chalk areas. Because chalk is extremely frost 
susceptible it is usual to provide a cover over the chalk of granular 
soil and road construction of thickness at least h5Gmm.
The object of this research was to attempt to find an 
economical method of treating.the chalk so that it would be resistant 
to frost heave and would have a compressive strength at seven days of 
5.^5 MN/m , Emphasis was placed on the use of sodium silicate to 
achieve these ends.
The investigation was undertaken in three parts. In the 
’’preliminary investigation” sodium silicate was used as a main additive 
and a number of fluid and powder setting agents were used as secondary 
additives. Various combinations of different types of sodium silicate 
and setting agents were investigated for seven day crushing strength.
A number of suitable combinations were found.
In the "main investigation”’ ordinary portland cement was used 
as a main additive and sodium silicate as a secondary additive.
Optimum percentages of additives were determined together with optimum 
■moisture.content. The variation in crushing strength with dry density 
and time was also investigated.
In the final part of the project the resistance to frost 
susceptibility and wetting and drying was investigated for the
2
. formulations that had a crushing strength at seven days of 3.^5 MN/m .
It was finally concluded that it would be possible to 
economically stabilize chalk so that it would be resistant to frost 
heave and have adequate crushing strength.
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CHAPTER 1
INTRODUCTION
Chalk occurs at or near the surface of nearly 15$ of
England. As the South of England generally escaped glaciation
only 10 - 20$ of the outcrop is covered with superficial deposits.
Most of the chalk encountered near the surface in this area is known 
as the “Upper Chalk" and is consistantly white in colour, pure (about 
98$ calcium carbonate), comparatively soft and fine grained,
A large number of roads of all types are being, and will
in the future be constructed over chalk areas. Natural chalk even
when excavated and re-compacted, has a considerable strength. Because 
of the extreme frost susceptibility of chalk, advantage generally 
cannot be taken of its strength. The Department of the Environment's 
Specification for Road and Bridge Works (l) specifies that all material 
used within 18" of the surface of the road shall be frost resistant as 
defined by the Standard Test specified in Road Research Laboratory 
Report LR 90 (2). This means that considerable quantities of granular 
soils must be transported to cover the chalk and to act as a base and 
sub-base to the actual road construction.
If chalk could be economically treated to render it non-frost 
susceptible, considerable cash savings could be made. Defacement of the 
countryside hy sand and gravel workings could also be reduced. The 
Department of the Environment Specification for Road and Bridge Works 
requires that soil cement made up into cubical specimens shall have a 
crushing strength at an age of seven days of 3®45 MN/rn^  (500 lbs/in^)
to 1 ©
l/l The object of this investigation was to find a method of
treating soft weathered chalk so that the two main specification 
requirements, i.e. seven day strength and frost resistance, could 
be met. The emphasis in the research project was placed upon the 
determination of the part that the chemical Sodium Silicate could 
play in achieving this objective.
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CHAPTER 2
MATERIALS USED IN THE INVESTIGATION
2.2. STRUCTURE OF CHALK.
Present knowledge of the microscopic structure of chalk is 
mainly due to Black*s work ^ with the electron microscope. Particle- 
size analysis of typical soft white chalks shows a relatively sharp 
upper limit at about 100 microns and a lower limit of 0.5 microns, very 
little material is present outside these limits. Within these limits 
there is almost always a marked separation with very little overlap 
into coarser and finer fractions.
The coarser fraction falls mainly within the range of 10 
microns to 100 microns and forms about 20 - 30# of most chalks. It 
contains material from two main sources;
(a) the products of mechanical breakdown of large shelled 
organisms such as molluses or sea urchins,
(b) the skeletons, both intact and fragmentary, of the micro-organisms 
known as foraminifera.
The finer fraction which forms about 70 - 80# of a typical 
sample, lies within the range 0.5 microns to 4 microns and is thus 
mostly outside the range of optical microscopes and corresponds to a 
clay or fine silt in the normal nomenclature. This material consists 
almost wholly of the minute calcareous bodies known as coccoliths which 
form the skeletons of floating micro-organisms. The coccoliths are 
formed of several single calcite crystals which constitute the finest 
material present when disintegrated. The constituent particles of
- 3 -
typical white chalks consist wholly of calcite (rhombohedral calcium 
carbonate). Their original organic shapes are well preserved and the 
intergranular spaces have not normally become infilled with any cementing 
medium. The rigidity of chalk is, therefore, presumably derived from 
mechanical interlocking of the constituent particles possibly augmented 
by pressure solution at the intergranular boundaries.
2.2. PHYSICAL PROPERTIES OF CHALK.
The crystal lattice of calcite, unlike that of the clay minerals, 
contains no water which in chalk can only occur as free water in the 
intergranular spaces and within the hollow particles. Water does not 
appear to play a significant part in the bonding of the particles and 
• the strength of a given chalk sample is comparatively little affected 
by its degree of saturation. Typical chalk is non-plastic in its natural 
condition and shows negligible shrinkage or swelling with changes in 
moisture content.
Ranges of dry-density and related properties shown by about 
250 samples of Upper and Middle (white) Chalk from the south of England 
are given in Table 2 ""1
TABLE 2-1 RANGES OF PHYSICAL PROPERTIES OF CHALK
Dry-density (Mg/m3) Normal 1.36 I .60
Extreme 1.28 - 1.80
Voids ratio Normal 1.0 . 0.7
Extreme 1 .1 - 0.5
Porosity $ Normal 50 41
Extreme 53 - 34
Saturation moisture Normal 36 . 25
content $ Extreme 4l «=. 19
. 4 -
The mechanical strength of solid chalk tends to increase with 
dry density. The nature and size distribution of the constituent 
particles probably has a modifying effect on the strength/density 
relationship. Black &) observes that abundant coarse shell debris 
gives a gritty, brittle chalk, whilst hard tough chalks tend to contain 
abundant foraminfera and chalk spheres. The preponderance of coccoliths 
gives rise to a soft fine grained chalk.
The natural moisture content of a chalk can be close to the 
liquid limit for the remoulded material. Attempts at compaction under 
such circumstances may only reduce the chalk to a soft wet slurry.
The chalk used in the investigation was soft white, weathered 
upper chalk and was obtained from the chalk quarries at Betchworth in
Surrey. To keep the chalk as consistant as possible it was all obtained
/
from the same part of the quarry.
2.3 SODIUM SILICATE.
Soluble silicates have been known from very early times, a 
method for their preparation having been described as early as 1520.
Much of the present day technology of the sodium silicates owes its 
beginning to Professor Johann Von Fuchs who, as Professor of Mineralogy 
of Munich in l8l8 carried out detailed investigation into their • 
preparation and properties.
Sodium Silicates are basically combinations of sodium oxide 
NagO, silica Si02 with usually some water. The properties of the 
silicate can be varied over a wide range by varying the proportions of 
the three constituents. The applications of sodium silicate have become 
extremely diverse, 1 consequently a large number of grades are available
- 5 -
with a wide range and combination of properties.
2.4 THE MANUFACTURE OF SODIUM SILICATE.
There are a number of different processes available for the 
manufacture of sodium silicate. The most common method is to produce 
a sodium silicate glass by the high temperature fusion of sand (as a 
source of silica) and soda ash (sodium carbonate as a source of alkali).
Carefully controlled proportions of the dried sand and soda 
ash are fed into oil fired furnaces where fusion takes place at 
temperatures in the region of 1,300° C. The furnaces are continuously 
tapped onto a slow moving steel tray conveyor where the glass is cooled 
by fine jets of water and solidified. Sodium silicate glass is 
produced at two different silica to alkali ratios. These are the so 
called "neutral" glasses having a ratio of 3.3 5il which is a yellow 
green colour and the alkaline glass having a ratio of 2.00:1 which is 
rather more blue in colour.
Sodium silicate glasses differ from ordinary glass in that 
they are soluble in water and as most applications of sodium silicate 
require the material in the form of an aqueous solution a range of 
solutions are produced differing in ratio and density.
Sodium silicate liquors are produced by charging lump glass 
and water to special pressure vessels. Dissolving takes place at 
elevated temperature and pressure. Under these conditions the 
dissolution of the glass progresses quickly and is allowed to continue 
until a weak liquor has been produced.
The weak liquor is then transferred to settling tanks where 
any impurities are removed. Adjustments to the ratio can he made at this 
stage by blending of "weak liquors" or by the addition of caustic soda or
silica.
s
The liquor is next passed through evaporators to he
i
concentrated to the required density.
2.5 FORMS OF SODIUM SILICATE AVAILABLE.
Sodium silicate is a general title for a whole family of 
chemicals. By varying the relative proportions of the constituents, 
alkali, silica and water it is possible to obtain compounds exhibiting 
a wide range of properties and physical forms. Three forms of sodium 
silicate are normally available, namely glass, soluble powder and 
solution, each having its own particular properties and uses.
Sodium silicate glass is an anhydrous solid, having a low 
rate of solubility in water under normal atmospheric conditions. The 
glass Is similar in appearance to lumps of slightly coloured 
conventional glass.
Sodium silicate glass is normally produced in two basic 
compositions, one having a 2.00;1 silica to sodium oxide ratio and the 
other having a 3*35:1 ratio. The former is classed as "Alkaline" glass 
the latter as "neutral"glass. In fact all silicates have an alkaline 
reaction but conventionally those with a SiOgjNagO ratio greater than 
2.50:1 are termed "neutral".
Both grades are available in lump or powder form.
Soluble powders are more soluble under ordinary atmospheric 
conditions than less soluble glass. These materials are produced by 
drum drying sodium silicate liquors. The drying process is controlled 
in such a way that 15 - 20# of water remains in the solid.
Soluble powders like the glasses are normally available in 
two grades, 'C' soluble powder having a silica to alkali ratio of 
2.00:1 and *M’ soluble powder having a ratio of 3*30:1. ’ C8 soluble
soluble pbwder will dissolve readily in cold water whereas because 
of its higher ratio *M* soluble powder requires hot water for easy 
dissolution.
Sodium Silicate Solutions. Most applications of sodium silicate 
require the material in the form of an aqueous solution. Grades 
covering a wide range of silica to alkali ratios from 3*85:1 to 1.60:1 
are produced.
The viscosity of sodium silicate depends upon the solids 
content. Some solutions are produced with such a high solids content 
that they cannot be conveniently handled at ordinary temperatures,
2 .6 PHYSICAL AND CHEMICAL PROPERTIES OF SODIUM SILICATES.
(a) Structure.
The proportions of alkali and silica in sodium silicate are 
usually expressed on a weight ratio basis with the alkali as Na20 held 
at unity. For example a sodium silicate solution containing 36.0$
SiC>2 and 18.0$ HagO would be said to have a weight ratio of 2.00;1, the 
silica usually being expressed first.
Silicate glasses contain SiOi^  tetrahedra, which is common to the 
many forms of silica, crystalline silicates and glasses.
The overall structure in the glass is a random arrangement of 
the SiOij. molecules with sodium ions randomly spaced in the interstices.
The sodium silicate solutions contain mixtures of monomeric 
silicate ions, disilicate ions and oolloidal silica micelles. The type 
and distribution of the ions and micelles depend on the ratio and 
concentration of the particular sodium silicate solution. As the ratio 
increases above 2.00:1 the proportion of colloidal silica increases.
Thus* solutions having a ratio of approximately 2.00:1 or below will
- 8 -
4" ptend to be true solutions containing SiC% and S2O5 ionss whereas 
the higher ratios will contain the same two ions with the remainder of the 
silica in a colloidal form.
This change in structure with increasing ratio can best be 
illustrated by allowing solutions of various ratio to dry out at room 
temperature. 2.00:1 ratio sodium silicates produce tough glassy solids 
which have some elastic properties in the partially dried state. Higher 
ratio materials give progressively more brittle and friable solids 
until silica hydrogel shows no cohesion at all.
Ob) Ei
Although the terms 'alkaline* and ’neutral* are often used in 
the industry to differentiate between the low and high silica to alkali 
ratio sodium silicates, these terms are relative. All the sodium silicates 
show an alkaline pH.
The stability of a sodium silicate solution depends to a large 
extent on pH. All sodium silicates give rise to a silica gel on 
reducing the pH below 10. The actual time required to form the gel will 
depend on the pH reduction, reaching a minimum time at a pH of 
approximately 7.5® Above a pH of 10.6 all the solutions are chemically 
stable.
(c) Water Evaporation Hates.
The rate of drying and extent of water loss from sodium 
silicate films at ambient and elevated temperatures are extremely 
important properties. Many of the uses of the sodium silicates, 
particularly as adhesives or binders, depend on this water loss to 
form the bond.
Figure 1 shows the equilibrium water losses for four typical
- 9 - i
silica to alkali ratios against temperature. Thus, it Is possible to 
assess how near to the original glass the sodium silicate will be, at 
any given temperature.
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At ambient temperatures it is possible to measure the rate
of water loss over a period of time. It is, therefore, possible, under 
specified conditions, to assess the time required to form a bond.
Figure 2 illustrates typical rates of water loss at 25°C and 
50# R.H., again for four typical Bodium silicates of varying ratios.
• 10 -
FIGURE 2 - RATE OF WATER LOSS
The drying and water retention of sodium silicate are 
dependent on the alkilinity; the higher the ratio, the faster the 
dehydrating and the lower the water retained.
T
Under very humid conditions dry sodium silicate films will 
rehydrate and gradually dissolve. Therefore, heating even to 
relatively high temperatures is not sufficient to obtain a completely 
insoluble bond. Complete insolubility can only be achieved by 
chemical reaction with some other compound.
If the hydrated sodium silicate is subjected to high 
temperatures very quickly, it will intumesce to form a hard mass of 
foam, occupying many times itg original volume,
(&) Chemical Reactivity.
The dependence on ratio shown by the rates of water loss 
follows very closely the general reactivity of the sodium silicates,
- 11 -
that is, the higher the ratio, the more reactive is the material.
A typical example of this variation in reactivity with 
ratio may be seen in the reaction of sodium silicate with carbon 
dioxide in the silicate/C02 process. In this process the gassing 
time required to produce a given strength in any particular core 
or mould is progressively reduced as the ratio increases.
Similarly, the time required for a sodium silicate solution
to form a gel on acidifying to a given pH is also shortened as the
ratio increases.
Many reactions such as the precipitation of insoluble 
silicates by compounds of the calcium chloride or aluminium sulphate 
type are almost instantaneous, and it is, therefore, almost impossible 
to assess relative speeds of reaction.
(e) Viscosity.
Viscosity is one of the most important physical properties
of sodium silicate solutions. It Is very important from an
applicational point of view in two respects, namely, the ease of 
handling of the materials, and in the changes which occur as the 
solution is dehydrated, for instance in adhesive applications.
Many factors will affect the viscosity of sodiun silicate, 
but the three most important are ratio, concentration of the solution 
and temperature.
The effect of ratio on viscosity at a constant 38$ solids 
and 20°C is shown in Figure 3® The graph is very interesting in that 
it produces a minimum as approximately 1.70 ratio. The major 
significance of the curve, however, is to illustrate the variation in
- 12 -
physical characteristics and properties available over the ratio range.
2.00 4.00
SiC^/NagO Ratio
Probably the most widely known factor which influences
viscosity is temperature. The viscosities of sodium silicate solutions 
rise with a decrease in temperature, the actual rate of rise depending 
on solids content and ratio. Thus, as the concentration of a solution 
increases it becomes more sensitive to temperature. If follows, 
therefore, that for the more concentrated solutions of any ratio, 
storage conditions must be more closely controlled if problems are not 
to result, in cold weather.
2.7 TYPES OF SODIUM SILICATE USED IN RESEARCH PROJECT.
Crosfield Technical Publication No. 4l. Soil Consolidation 
with Sodium Silicate states:
It is advisable to use a grade of sodium silicate possessing
- 13 -
a silica to sodium oxide ratio as high as possible as this will give 
more silica and less alkali per unit volume and so minimise the 
quantity of reactant required. It is therefore usual to employ one 
of the so called neutral grades of sodium silicate possessing a silica 
to sodium oxide ratio of 3*5 :!• Such a material is Pyramid Brand 
Sodium Silicate No. 1 which is a concentrated solution containing 
approximately 38$ Solids.
The Technical Service Department of Crosfield Chemicals 
recommended a lower ratio sodium silicate with a 2:1 ratio as this 
would give a strength comparable with a 3 si ratio but it would be 
possible to get a much higher solids content with a 2:1 ratio.
Recommended Sodium Silicate Pyramid Brand 112
S.G. 1.56 Si02/Na20 - 2.00 Mean total solids *1-5*8$
Viscosity at 20°C « 800.
I.C.I. Recommended Sodium Silicate. M75 Brand.
S.G. 1.375 Si02/Na20 - 3.00 Mean total solids 26.8$
Both types were used and compared in the Investigation.
2.8 POWDER SETTING AGENTS FOR SODIUM SILICATE.
Sodium silicate is much used in the foundry industry to 
treat sand used in the production of moulds and cores. The traditional 
method of "hardening" or "setting" the sodium silicate is to pass carbon 
dioxide gas through the sand and sodium silicate mix, thus causing the 
mix to set. This method has a number of difficulties and disadvantages 
so of recent years much research work has been carried out in the foundry 
industry into the use of self-setting processes, (5, 6, 7)« In these 
systems various powders or fluids are incorporated into the sand and 
sodium silicate mix which then set or harden without the application
- ll+ »
of carbon dioxide gas.
The powdered setting agents used are in the main calcium 
silicates or heavy metal silicides. When these are mixed with Sodium 
Silicate they react to form a hard mass.
The selection of a grade of sodium silicate and setting agent 
is mainly determined by the bench life and hardening rate required.
The powders most commonly .employed are
(a) Calcium Silicates.
These materials are available in many chemical forms and from many 
sources, the most common being as by-products from blast furnace slags and 
production of magnesium and ferrochrome. These are usually dicalc i urn 
silicate of the gamma form. For metallurgical slags to he effective 
hardening agents they should contain appreciable quantities of dicalcium 
silicate. X-ray analysis has indicated that such materials can contain 
up to 70$ dicalcium silicate mainly in the gamma form. In all cases the 
Ca0:Si02 ratio should he as high as possible and the analysis of two slags 
used as hardeners are shown in Table 2 **2
Table 2-2 Analysis of Suitable Slags.
$ Ferrochrome
Slag.
Magnesium
Slag.
S102 29.4 31 - 34
CaO 53.3 55 - 57
AI2O3 5.04 1 .7 - 2.0
FeO 0.17
FegOjj - 4.4 ~ 5*6
MgO 9.8 3.0 » 7®0
Cr203 1*75
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The activity of these slags, measured in terms of their ability 
to harden sodium silicate, is increased by fine grinding and good results 
have been obtained with materials ground to pass a 200 mesh sieve. Such 
a material has a specific surface area of approximately 4,000 cm2/g. The 
highest activity is achieved with fresh slags and after prolonged exposure 
to air and storage the ability to harden sodium silicate decreases.
Initially most of the dicalcium silicate rich material used in 
this country was obtained by fine grinding the by-product slag from the 
Pidgeon process of magnesium production. As production at this plant has now 
ceased an alternative supply of dicalcium silicate (ferrocrome slag) is now 
being imported from Sweden with a consequent increase in cost.
A synthetic dicalcium silicate is also available which is 
manufactured from phosphate rock and limestone and contains about 70# 
dicalcium silicate,
(b) Portland Cements also contain large amounts of dicalcium silicate, 
the other major constituents being tri-calcium silicate, tricalcium 
aluminate and tetrocalcium alumino-ferrite. Depending upon the type of 
cement the dicalcium silicate can be as high as 50#. See Table 2-3
Table 2-3 Classification of Portland Cements.
ASTM Description. Compound Composition #
Type 3Ca0
Si02
2CaO
Si02
3Ca0
AI2O3
4 Ca 0 
AI2 O3 Fep CD;
1 Ordinary 45 27 11 8
11 Modified heat 
of hardening
44 31 5 13
111 Rapid hardening 53 19 11 9
IV Low heat 28 49 4 12
V Sulphate
Resisting 38 43 4 9
The advantages of using Portland cements as setting agents are 
their very low cost, widespread availability and controlled manufacture to 
a British Standard Specification*
Portland blast furnace slag cement is widely used as a hardener 
but the compression strength of cubes in which this hardener is used is 
lower than some other hardeners. See Figure *4-.
Fig.*4-. Comparison of hardening rates for sands bonded with 
6$ 2 :1 ratio sodium silicate
Silicides.
The setting of sodium silicate by means of silicides such as 
ferrosilicon or calcium silicide was first propounded in the Nishi Yama 
process,^ In this process ferrosilicon containing 70 - 8o$> silicon and 
having a particle size of 300 mesh B.S.S. is used. They are extremely
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efficient setting agents for sodium silicate but have several shortcomings 
which limit their use. The reaction is exothermic and releases hydrogen
which can lead to explosion hazards.
Hardening agents based upon ferrosilicon tend to give higher
strengths than those based on calcium silicate products and the rate of
strength development is often faster. Sodium silicates having an 
Si02 :Na20 ratio of 2:1 are usually specified for use with hardeners based 
on ferrosilicon.
The mechanism of the hardener has been extensively studied in
10. 11.
Russia, Czechoslovakia and Poland.
It is believed that the silicate is hardened partly by. 
dehydration and partly by chemical mechanism. The first stage and probably 
the most important is hydration of the di«calcium silicate thus removing a 
large proportion of the water. After about 2 - 4  hours depending upon the 
di-calcium silicate used (B or fr) the chemical mechanism becomes effective. 
As the calcium ion is slightly soluble in water a salting out effect is 
believed to occur. One of the characteristics of powder hardeners is the 
slow growth in strength during the first 4 hours after mixing when the 
dehydration process occurs. The only exception to this are hardeners based 
on ferro-silicon, When heat is applied to sodium silicate system the 
strengths obtained are very high. This is thought to be due to the 
polymerization of the silica gel by removal of some of the hydroxyl groups. 
With ferro silicon considerable heat is evolved and high strengths are 
consequently produced#
2:9 LIQUID SETTING AGENTS.
Because of the difficulties of making additions of powder 
hardeners to sodium silicate the introduction of fluid setting agents 
in the foundry industry has met with considerable success. The main
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reason for this is the high growth in strength obtained in the first
one or two hours and the ease of handling these materials.
The hardening of sodium silicate by organic esters has been
12
known for many years. Vail mentions the use of organic esters of
p'olyhydric alcohols with sodium silicate. The most common materials
used in foundries in this country are the acetins and ethylene glycol
diacetate but the cost of these chemicals would make their use far too
uneconomical for soil stabilization.
Certain other organic compounds are known to harden sodium silicate. 
13
’'Formamide" is used in soil consolidation work but is too toxic for 
foundry use.
CHAPTER 3
SURVEY OF PUBLISHED WORKS
3.1 SOIL STABILIZATION WITH SODIUM SILICATES.
Possibly the first attempt to consolidate particulate masses
by the incorporation of soluble silicates was by Kuhlmann in 18*1-1 when
he produced an artificial stone by this means. In nature very hard
quartz rock has been formed by the cementing action of silica hearing
12
waters on beds of sand or quartz particles. Vail states that "Their
low cost compared to most other materials, their viscous, tacky
attributes and their resistance to heat and fire combine to make them
desirable agents where a plastic coherent body must be formed from small
original particles. The rate of setting and other characteristics are
quite similar to those found in refractory cements and other artificial
stones. The final product will be extremely hard and brittle, or tough
and elastic, depending on the degree of dehydration or reaction and the
qualities of the included particles.
In 18*4-5 the Siemens brothers applied for a German patent for
an artificial stone made from a mixture corresponding to NagO^SiOg
solution. Ransome in l86l patented a material made of silicate solution
and broken or powdered chalk which was formed into blocks and allowed to
harden then treated with solutions of calcium aluminate or iron chlorides
to stabilize it against the weather. Pukall describes a soluble silicate
sandstone in which warm diluted hydrochloric acid or fluosilicate
preparations are incorporated to increase the durability of the stone.
Experimental work both in the laboratory and on a practical
scale have been carried out in Europe and America on the use of soluble
1*4-
silicates in road construction. Preslicka summarized this work in his 
book. The roads which were built in Germany, France, Switzerland, England
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and America were an improved type of macadam construction in which coarse
hard rock of even gradation known as the "road metal" was designed to
carry the wear* This material was held in place by a cementitious mass
formed from a slurry of finely divided limestone and sodium silicate
Usually of 3®3 ratio*
15
May states that under tropical conditions unfavourable to tar 
or asphalt impregnated macadams, a thin top layer of limestone impregnated 
with sodium silicate results in a good low cost road.
The following is an extract from Soil Mechanics for Road
16
Engineers.
Materials which act as Binding Agents.
A large number of materials have been suggested for use as 
binding agents for soils. Of these, only three types have a practical 
value in the majority of cases. They are:-
(a) Cement.
(b) Bituminous material,
(c) Sodium Silicate.
The use of sodium silicate in soil stabilization is due to its 
ability to react in aqueous solution.with soluble calcium salts, forming 
insoluble and gelatinous calcium silicates. The chemical is either sprayed 
on to, or injected into, the soil in a fairly concentrated solution, while 
the calcium may either be derived from compounds containing it that are . 
already present in the soil, e.g. chalk, or it may also be added in 
aqueous solution. Calcium Chloride is often used to provide soluble 
calcium salts to react with the sodium silicate. The process can only 
be used in areas where chalky soils or low-grade limestone aggregate are 
abundant, thus avoiding the necessity of adding a second solution. The 
silicate solution employed should be rich in silica, having a. ratio of
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alkali to silica of about 1 :3.5* and. a specific gravity of from 1.32 to 
1.36. At higher concentrations the silicated limestone tends to stick 
to the roller and to dry out too rapidly. The proportions of binder 
employed are usually in the range 1 per cent to 10 per cent by weight 
of the aggregate; this may include stones up to 2 in. in size and 
certain proportions of limestone filler.
The material produced In this process is not unlike "lean-mix" 
rolled concrete, and cubes made at the Road Research Laboratory had 
compressive strengths as high as 1,000 lb./sq.in. after curing for 28 
days.
Silicated limestone has been widely used in European roads 
and a review of its practical application has been given by Preslicka. 
During th$ war an experiental road section was laid in this country by 
the Ministry of Transport using a crusher-run soft limestone ("Kentish 
Rag"). It is considered unlikely, however, that the process is suitable 
economically for road building purposes in this country, except in special 
cases, as the binder is relatively expensive. The principal use appears 
to be in the injection and grouting techniques employed to increase the 
stability of excavations and tunnel walls in cohesionless soils.
Chemical Consolidation Is a grouting injection process in which 
chemical fluids are injected into a soil, these fluids gell after injection 
thus increasing the strength and reducing the permeability of the soil.-
A method that has been much used in the past is the Joosten two-
17
injection process invented by Dr. Hugo J. Joosten in 19259 to provide a 
means for consolidating loose sands during the construction of mine shafts 
in Germany. A precipitate of silica gel is formed in the soil by. the 
chemical reaction between a highly concentrated solution of sodium silicate
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and a strong electrolytic salt.solution which brings about a permanent
solidification of loose granular material.
IB
Kruger reports that specimens of soil so treated removed for 
tests after 10 years underground had not deteriorated either above or 
below ground water level.
19
Dogra and Uppal conducted laboratory investigations at the 
Central Road Research Institute, Delhi, to find out the suitability of 
sodium silicate as a stabiliser for sand and sandy soils as compared to 
the use of cement. It was found that in the case of pure sand and non­
plastic soils, use of even low quantities of sodium silicate gives better 
strength to the stabilized mass than the use of higher quantities of 
cement. Usejof sodium silicate also imparts better resistance to 
abrasion that the use of cement.
3.2 STABILIZATION OF CHALK.
The stabilization of chalk with sodium Silicate or any other 
chemicals has received very little attention and few references to this 
subject could be found in the literature, A fair amount of work however
has been done on the stabilization of chalk with cement.
20
Brownjohn and Denman describe how a 150 mm. thick slab made up 
of chalk stabilized with 10$ (of the weight of the dry soil) of normal 
Portland • Cement was laid at Carshalton, Surrey. The slab was 1.5 metres 
wide by 9*0 metres long and finished with three different types of surface.
The Authors of the paper report that after the trial area had 
been in existence for nearly three years and survived at least one severe 
winter, it had remained substantially unaffected by frost action. The 
cost savings on areas stabilized coshpared against traditional methods of 
construction was in excess of 20$. The soil cement base was cheaper,
- 23 -
stronger and superior to its hardcore counterpart.
A much larger project was carried out by the Road Research 
21
Laboratory where three 6l metre lengths of road sub-base and base on
Trunk Road A.30 at Cocksfield Down, Hants., of cement stabilized chalk
were laid. The experimental work exposed problems of mixing and laying
but it was considered that none of these should prove difficult to solve.
The performance of the road since construction has been excellent.
22
Lewis and Croney describes experiments to find the relationship 
between the compressive strength of stabilized chalk and dry density for 
various cement contents and gradings of pulverized chalk. As may be 
expected strength increased with dry density and cement content and 
inversely with the degree of pulverization.
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CHAPTER 4
SCOPE OF THE INVESTIGATION
As previously stated the object of the investigation was to 
find a method.of treating soft weathered upper chalk so that it could 
be used to form the sub-base and possibly the base in the construction 
of roads of all types. Natural chalk has adequate strength but it 
cannot be used in an untreated state for the above purpose because of 
its extreme susceptibility to frost heave. Road works specifications 
require that soil cement shall have a minimum 7 &ay crushing strength 
of 3.45 MN/m2 when made up into cubical specimens. It was felt at an 
early stage of the investigation that a major problem would be to 
devise a treatment of the chalk so that the strength requirements could 
be met. It was therefore decided to concentrate initially on this 
aspect.
21
Work carried out at the Road Research Laboratory ai&d 
indicated that approximately 14# of Ordinary Portland Cememt would be 
required to treat chalk so that a 7 day crushing strength of 3*45 MRf/m 
could be achieved. One of the main aims in the present investigation 
was to devise a more economic and/or convenient method of treating the 
chalk. It is known that certain soils treated with sodium silicate are 
transformed into a relatively hard insoluble, impermeable mass. It is 
also known that a chemical reaction takes place when sodium silicate is 
mixed with calcium carbonate. It was therefore decided to concentrate 
on the use of sodium silicate as an additive to chalk in the investigation.
25 -
The research project was carried out in three stages:
1. Preliminary Investigation.
2. Main Investigation.
3. Investigation of the wetting and drying resistance and frost 
susceptibility of stabilized chalk.
4.1 PRELIMINARY INVESTIGATION.
In this part of the research project two hundred and ninety 
seven specimens were crushed at varying intervals after mixing, but 
generally at 7 days. The formulation and number of samples tested are 
shown in Table 4-1.Three types of sodium silicate were investigated: 
one soluble powder and two fluid types. Three fluid setting agents 
were tested and ten powder setting agents. Of the ten powder setting 
agents, four were cements.
The main object of the preliminary investigation was to find 
a formulation of chalk, sodium silicate plus a setting agent that would
p
have a consistent 7 day crushing strength of 3*45 MN/m (500 Ibs/sq.in.).
Secondary objects of this part of the research project were as
follows:
(a) To find the most suitable techniques of making up and testing the 
samples.
(b) To find optimum moisture contents for crushing strength for the 
various formulations.
(c) To find effect of varying the curing procedure.
(d) To find optimum sodium silicate and hardener contents.
(e) To find crushing strengths at various time intervals.
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Soluble Powder Sodium Silicate Suffix S
Pyramid Liquid Sodium Silicate Suffix P
M75 Liquid Sodium Silicate Suffix M
TABLE 4-1 COMPOSITION OF SAMPLES IN PRELIMINARY SERIES
Test Chalk Additives No. of
No. Sodium Silicate $ Setting Agent Samples
Pl.2.4.5. Variable 0 - 12$ (S) None. 42
P5 None Phosphoric Acid. 10
p6 %  (s) Aluminimum Chloride 6
P7 15$. (M) None. 3
P8 15* (M) Phosphoric Acid. 2
P9 (M) Lime. 4
• P9 1 %  (M) Flyash. 4
P10 15i (M) Sodium Bicarbonate 8
p.1 1.12.13.
15.25.26.28. Variable. M and P Ordinary Portland 
Cement. 92
p.14. 25.26 
27. Variable, M and P
Rapid Hardening 
Portland Cement 28
Pl4 13.5 (M) High Alumina Cement 2
P.22. 23 Variable. (P) Sulphate Resisting 
Portland Cement 18
P.24. Variable. (P) Ferro Silicon. 15
P.21. 28. Variable, (p) Alkaset. 10
P.16. 17. 
19. 20.
Variable. (P) 
10$ (M)
Formamide 32
P.18. 20. Variable. (P) 
10$ (M) Ethylene Glycol 14
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4.2 MAIN INVESTIGATION.
Upon completion of the preliminary investigation it was
concluded that it was most unlikely that sodium silicate would generally
be suitable as a main additive to stabilize chalk where the use of powder
stabilizers such as cement would be Inconvenient.
In the main investigation ordinary portland cement was used as
the primary additive and sodium silicate was used as the secondary
additive. Three hundred and fifty cubes were crushed at varying intervals
of time after mixing hut mostly at 7 days. Samples were made up with
varying quantities of ordinary portland cement and Pyramid.No. FG112
Sodium Silicate, A number of samples were made up without sodium silicate
for control purposes.
The main object of this part of the project was to investigate
the properties of chalk stabilized with portland cement and sodium
silicate as a secondary additive.
The possibility existed that the addition of small percentages
of sodium silicate would increase the 7 day crushing strength, thus enabling 
the amount of cement to be reduced. It was also felt that the addition
of the sodium silicate would improve the resistance of the chalk to
frost heave.
The specific items to be investigated in this part, of the 
project were as follows:
(a) The seven day crushing strengths for various chalk/O.P.C,/Sodium 
silicate formulations.
(b) The variation in crushing strength of various formulations with 
(l) Moisture Content. (2) Time, (3) Dry density,
(4) Curing method.
4.3 INVESTIGATION OF THE WETTING AND DRYING RESISTANCE AND 
FROST SUSCEPTIBILITY OF STABILIZED CHALK.
It is well known that untreated soft chalk assumes a 
structureless putty-like consistency when saturated and remoulded, also 
all chalks are known to he extremely frost susceptible. In this part of 
the project formulations that had suitable seven day crushing strength 
were investigated for resistance to wetting and drying and freezing and 
thawing.
It was originally intended to use the Road Research Laboratory's 
frost heave test but as the appropriate equipment was not available the 
older "Durability Tests" originated by the Portland Cement Association 
of America were used.
For the wetting and drying test twelve 4-inch cubes of chalk 
stabilized with cement and sodium silicate were alternately soaked in 
water and dried in a thermostatically controlled laboratory oven. The 
samples were weighed at each stage after soaking and after drying and 
the weight loss over ten cycles was determined.
For the freezing and thawing test fourteen cylindrical 
specimens of various formulations of chalk sodium silicate and various 
other additives were placed on saturated felt pads and subjected to 
repeated cycles of freezing and thawing. Specimens were weighed and 
measured where possible in the frozen and in the unfrozen condition.
The purpose of this test was to compare the state of the stabilized 
specimens at various stages of the test with control specimens of 
compacted chalk.
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CHAPTER 5
PRELIMINARY INVESTIGATION 
Introduction to and outline of Preliminary Investigation,
As previously stated the object of this part of the research 
project was to find suitable additives and mixing techniques etc. so 
that cubes of soft weathered chalk could be economically produced with
p
a crushing strength of 3*45 MN/m . Because Sodium Silicate is known 
to have a number of desirable properties with reference to soil 
stabilization, particular emphasis was placed on the use of this chemical. 
Table 5*1 is a summary and index of the tests performed in the preliminary 
investigation. The composition of the specimens tested is also given in 
this table. A summary of the seven day crushing strengths of specimens 
tested is given in Table 5.2
Individual test summary sheets are given in Appendix A.
Tables appropriate to this chapter, except for tables
5 .3  and 5*4 are given at the end of the chapter ( pages 38 to 45 inc.) 
The appropriate figures are given on pages 46 to 49 inc.
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5.2 PRE-TEST TREATMENT OF CHALK.
The chalk,obtained from a bank at the chalk quarries, 
Betchworth, Surrey was well weathered and was generally naturally 
well graded with a relatively large proportion of fine material.
The chalk was picked through by hand to remove lumps over approximately 
75 ram. in size also flints, stones and other foreign matter. The chalk 
was then dried on an aggregate drying bed for approximately 24 hours to 
a moisture content of about 2$. The larger particles were broken up 
with a Kango hammer and passed through a 20 mm. B.S. sieve. The 
particles passing through a 6 mm, B.S. sieve were then separated out.
All the chalk was then stored in covered bins inside the laboratory.
5.3 PREPARATION OF SPECIMENS. GENERAL.
Sufficient material for each batch was mixed in a 28 dnr'*
(l cu.ft.) capacity laboratory pan type mixer. This particular mixer 
was used throughout all the tests and was reserved for this purpose 
to prevent contamination with other materials. Careful attention was 
paid to cleaning out the mixer after each series of tests.
The chalk used in all other tests was proportioned in the
ratio 2 parts coarse graded to 1 part fine graded. The coarse graded
chalk passed a 20 mm. B.S. Sieve and was retained on a 6 mm. B.S,
Sieve. The fine chalk passed a 6 mm. B.S. Sieve.
Unless specially stated all powder additives were added to 
the dry chalk in the mixer and thoroughly mixed dry, water was then added 
to bring the moisture content up to that required. Liquid additives, if 
any, were then added and the mass was mixed for up to 5 minutes.
In all cases a small sample of the mix was taken for the
determination of dry density.
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5 o4 PREPARATION OF SPECIMENSFOR TEST SERIES PI TO P6 INCLUSIVE.
These specimens were made In a cylindrical Proctor Standard 
Compaction Mould. The standard technique specified for the Proctor test 
was used to compact the treated chalk into the mould, i.e. The mould 
was filled in three layers}each layer of the chalk being compacted with 
25 blows of a standard 2.5 kg. rammer which drops 300 mm. at each blow.
The specimens were then extruded by means of a small hydraulic jack 
extruder.
5.5 PREPARATION OF SPECIMENS FOR TEST SERIES P7 TO P28 INCLUSIVE.
Considerable difficulty was experienced in producing good 
specimens by the method outlined before, this was mainly due to the 
stickiness of the samples at the time of preparation. It seemed desirable 
to leave the specimens in the moulds for some time after preparation so 
that an initial set could take place before removal. It was therefore 
decided to use 4 inch concrete cube moulds for the remainder of the 
investigation. The treated chalk was placed into the moulds in three 
layers, each layer being compacted by means of a Kango electric vibratory 
hammer. Generally the hammer was applied until no further compaction was 
possible*
Up to and including test series P12 moulds were coated with 
Berry Wiggins Emulsion Mould Cream. Difficulty was experienced in obtaining 
a good finish on the cubes due to sticking when demoulding took place.
Series P13 and subsequent specimens were made in moulds that had been 
treated with petroleum jelly. Demoulding was much easier and better samples 
were produced.
5.6 TEST PROCEDURES. TEST SERIES PI TO P6 INCLUSIVE.
These tests were carried out in a Wykham Farrance compression
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frame with a 50 kN proving ring for load measurement. The machine was 
set to a loading rate of 2.5 mm. per minute. The loaded ends of the 
samples were carefully filed to remove any fins and other small 
projections. The samples were then placed in the test frame and loaded 
to failure.
5.7 TEST PROCEDURES. TEST SERIES P7 TO P28 INCLUSIVE.
These tests were carried out in an Avery 50 ton Type 7110
D.C.J. Compression Test machine. The machine was set to apply a force 
of up to 50 kN at a loading rate of 2.5 mm. per minute. The loaded 
ends of the samples were prepared as before. The specimens were then 
placed in the test machine and loaded to failure.
5.8 DISCUSSION OF TEST RESULTS.
1. Optimum moisture content. The following tests were carried out 
to find the optimum moisture content for 7 day and l4 day crushing 
strength.
Test P5. To find the moisture content 14 day crushing strength ratio 
for cylinders made up of chalk with 8$ soluble powder sodium silicate 
(no setting agent). It may be seen from the summary sheet for this test 
in Appendix A. that moisture content appeared to make very little 
difference to crushing strength and it was not possible to plot a graph 
to show any definite crushing stress/moisture content relationship. 
Crushing stresses for all appropriate moisture contents were well below 
the required 7 day value of 3*45 MN/m^.
Test 13* To find moisture content/7 day crushing stress for cubes made 
up of chalk - 7*5$ M75 sodium silicate and ordinax-y portland cement (15$ 
of sodium silicate). It may be seen from P13 Test Summary Sheet,
Appendix A and from Graph P 1 Figure 5 that a clear relationship between
crushing strength and moisture content exists for this formulation.
Optimum moisture content for crushing strength is approximately 17$.
Test 27. To find moisture content/7 day crushing stress for cubes 
of chalk, 9$ Pyramid Sodium Silicate and Rapid Hardening Portland 
Cement. From Graph PI Figure 5 it may be seen that similar results 
were obtained as from Test P13. Optimum moisture content for maximum 
crushing strength again was approximately 17$.
II# Optimum Sodium Silicate Content.
Test P12. To find optimum sodium silicate content for 7 day crushing 
stress for cubes of chalk, Sodium Silicate plus Ordinary Portland Cement 
(15$ of Sodium Silicate). Graph P3 Figure 7 shows the variation of crushing 
strength with sodium silicate content. To constrMct this figure the 
crushing stresses obtained from test series P12. were adjusted for optimum 
moisture content in accordance with the correction curve given in Graph P2. 
Figure 6 and Table 5.3 shown below.
TABLE 5*3
Actual Stress 
(M/m2)
Factor from 
Figure.
Adjusted Stress. 
(M/m2)
1-97 1.06 2.09
5.43 1.06 3.64
4.84 1.06 5.13
4,34 1.40 6.10
4.6o 1.23 5.66
3.62 1.23 4.45
It may be seen from Graph P3 Figure 7 that the optimum sodium 
silicate content for this particular formulation was approximately 13$ of
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the weight of dry chalk. To achieve the required crushing stress of 3*45 
MN/m2 a sodium silicate content of approximately 7# was necessary.
Ill Optimum Powder Setting Agent Content.
Ordinary portland cement and rapid hardening portland cement 
were the most effective powder setting agents investigated. Graph P4 
Figure 8 page 49 shows the relationship between the quantity of powder 
setting agent expressed as a percentage of sodium silicate and seven day 
crushing stress. For quantities of setting agent up to approximately 
20$ seven day crushing strength increased quite sharply with percentage 
of setting agent, thereafter the graph levelled off and the strength 
increased much more slowly. It was found that specimens containing 
relatively high percentages of setting agent were very difficult to 
mix and compact because of the very fast rate of gel that occured. In 
the foundry industry it is generally considered that 10# to 15# of 
setting agent to sodium silicate is most suitable.
With 9# sodium silicate approximately 12$ of O.P.C. was required
to achieve a 7 ^ay crushing strength of 3.45 MN/m2.
IV. Comparison of seven day strength of specimens with various 
types of sodium silicate without setting agents.
A number of tests were carried out on specimens in which no 
setting agents had been included. Some of the results of these tests are 
summarised in Table5*4 below. The mean total solids in the three types 
of sodium silicate examined are as follows:
"C" Soluble Powder ... ... 84#
M75 Liquid ... ... ... 26.8#
Pyramid Liquid .. ... ... 45*8#
so 5# of Soluble Powder Sodium Silicate will have the same total solids 
as 15*7# of M75 Liquid and 9-0# of Pyramid Liquid.
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TABLE 5*4 Crushing strength without setting agent.
Test
No.
Sodium Si 
Type
licate
$
7 Day Crushing Stress 
(MN/m )
P5 Soluble 8 0.6l to 1.68
Powder
P10 and M75 15 0.66 to 1.77
Pll
P15 Pyramid 7*5 1.75
All the specimens made with the three types of sodium silicate 
without setting agent failed at crushing stresses well below the required
3.45 MN/m2. There was comparatively little difference in the strength 
obtained with the three different types of sodium silicate, they were all 
relatively low.
It was concluded that sodium silicate without a settlrig agent 
would be unsuitable to stablise chalk where a 7 day crushing stress of
p
3.45 MN/m was required.
V. Comparison of Liquid Setting Agents.
Many liquids are known to effectively harden or set sodium 
silicate such as organic esters and acetins etc. but most of these would 
be far too costly to be considered for soil stablisation work except in 
very small quantities. Two of the most likely chemicals are ethylene glycol 
diacetate and formamide. A number of test series were performed to 
investigate the effectiveness of these two chemicals used in conjunction 
with Pyramid FG112 and M75 Sodium Silicate. Table5*4 shows a comparison 
of the seven day crushing stresses obtained with various percentages of 
the two types of sodium silicate and the two chemicals. It may he seen 
that the most effective combination was Pyramid Sodium Silicate and Formamide. 
With 10$ of Pyramid and 1$ of Formamide a seven day crushing stress of
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4.43 MN/m was obtained, which is approximately 28$ in excess of the 
2required 3*45 M / m  .
VI. Comparison of powder setting agents.
A number of powder setting agents are used in the foundry 
industry. Five of the most likely of these were investigated. These 
are:
Ordinary Portland Cement.
Rapid Hardening Portland Cement.
Sulphate Resisting Portland Cement.
Alkaset.
Ferro Silicon.
A number of test series were carried out to investigate the 
effectiveness of these five substances. Table5.6 gives a comparison 
of the seven day crushing stresses obtained with various percentages 
of these powders, and 9$ each of the two types of liquid sodium silicate 
investigated. It may be seen from this table that the highest stresses 
were obtained with a 1:6 setting agent-sodium silicate ratio of Ordinary 
Portland Cement and Pyramid Sodium Silicate. The crushing stresses 
obtained with rapid hardening portland cement were only slightly lower. 
Sulphate resisting portland cement alkaset and Ferro-silicon were less 
effective.
2
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TABLE 5*2
PRELIMINARY SERIES 
SUMMARY OF.7 DAY CRUSHING STRENGTHS 
OF VARIOUS MIXTURES
Required Crushing Stress at Additives given as percentage of
7 days is 3.45 MN/m2 dry chalk.
. Pyramid Sodium Silicate "P"
M75 " " "M"
TEST
NUMBER
CHALK ADDITIVES ADDITIVE
$
SETTING
AGENT
$
ViAXIMUM
STRESS
MN/m^
REMARKS
1 Soluble powder sodium silicate 0 to 8 None 0.74 Unsuitable
3 Dilute Phosphoric acid 1 to 5 None 1.90 Unsuitable
6 Soluble powder sodium silicate 
plus aluminium chloride
5 0.5
'i,
0.77 Unsuitable
1
7 | Sodium Silicate "M" 15 None 1.58
!1Unsuitable
8 Sodium silicate "M” plus 
dilute phosphoric acid
15 0.5 0.617 Samples very 
difficult to make
9 Sodium silicate "M” plus 
flyash
15 10 0.70 Unsuitable
9 Sodium silicate "M" plus 
lime
15 10 2.07 Unsuitable
10 Sodium silicate "M" plus 
sodium bicarbonate
15 0 to 2 1.59 Unsuitable
16
17
19
Sodium silicate "P" plus 
formamide
3 to 10 Various 4.22 Moisture content 
very critical
20 Sodium silicate "M" plus 
formamide
10 1 1.75 Stresses lower
M t nsS^§i!Yra-
20 Sodium silicate "M" plus 
Ethylene Glycol
10 1 1.37 Unsuitable
20 Sodium silicate "P" plus 
Ethylene Glycol
10 1 2.23 Unsuitable
| 11 
12 
13
Sodium silicate "M" plus 
ordinary portland cement
5 to
17.5
Various 4.88 10$ Sod.Sil,plus 
1.5 OPC gave best 
results
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TEST
NUMBER
TABLE 5*2 (cont.)
CHALK ADDITIVES ADDITIVE
$
SETTING
AGENT
& '
MAXIMUM
STRESS
Mft/m2
REMARKS
15
25
28
Sodium silicate :,P" plus 
ordinary portland cement
5 to 10 Various 4.28 10$ Sod.Sil. plus 
1.5 O.P.C. gave 
best results
14 Sodium silicate "M" plus
26 rapid hardening portland
cement
9 to 
13.5 Various 3.40
Stresses lower 
than with O.P.C,
25
27
Sodium silicate "PM plus 
rapid hardening portland 
cement
Various 4.15
Stresses lower 
than with O.P.C,
14 Sodium silicate 1fM" plus high alumina cement 13.5 1$ 2.00
Stresses lower 
than with O.P.C,
22
25
Sodium silicate "P" plus 
sulphate resisting cement 7 to 11 Various 3.52
Stresses lower 
than with O.P.C.
21
28
Sodium silicate “P" plus 
alkaset 7 to 11 Various 2.91
Stresses lower 
than with O.P.C.
2i|. Sodium silicate "P" plus 
ferro-silicon 9 and 11 Various 3.12
Stresses lower 
than with O.P.C.
TABLE 5*5
COMPARISON OF LIQUID SETTING AGENTS
Stresses corrected to Optimum Moisture Content 
Pyramid Sodium Silicate "PM 
M75 Sodium Silicate "M"
Setting Agent given as percentage of Sodium Silicate
Seven Day Crushing Stress (MN/m2) for Various Fluid Hardeners.
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TABLE 5-6
COMPARISON OF POWDER SETTING AGENTS
9$ Sodium Silicate
Stresses corrected to Optimum Moisture Content of 17$ 
Pyramid Sodium Silicate "P"
M75 Sodium Silicate "M"
Setting Agents given as percentage of Sodium Silicate.
» OSeven Day Crushing Stress (MN/iu ) with Various Percentages of Powder Setting Agents.
Type of Hardener as $ of Sodium Silicate
lype of Setting Agent Sodium 5$ 10$ 15$ 16.7$ 20$ 33.3$
Silicate 1 - 2 0 O1rH 1 - 6.7 1 - 6 1 - 5' 1 - 3
Ordinary Portland 
Cement
p
M
2.39 3,07 3.68 4.62
3.74
4.23
4.12
4.6o
3.81
Rapid Hardening 
Portland Cement P
M
2.30 2.38 3.62 4.39 
. 3.48
3.98
4.11
4.07
1.85
Sulphate Resisting 
Portland Cement P 3.20 2.13
Alkaset P 2.32 1.90 2.78 2.89 2.73 2.15
Ferro Silicon P 1.58 1.92 2.08 1.85 1.93 3.45
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CHAPTER 6 
MAIN INVESTIGATION
6.1. SUMMARY AND INDEX OF TESTS PERFORMED IN MAIN INVESTIGATION.
Table6.1 Pages 62-67 is a summary and index of the tests carried 
out in the main investigation. The object of this part of the project 
was to determine the properties of moist chalk stabilized with Ordinary 
Portland Cement as the main additive and Pyramid Brand Sodium Silicate 
as the secondary additive. The composition and moisture contents of the 
samples tested are given in table Ml,
6.2. PREPARATION OF SPECIMENS.
The chalk was pre-treated and the specimens were prepared as 
were preliminary test specimens P7 to P28 inclusive except that water 
was added to the dry chalk before the cement and sodium silicate.
This was done because it was considered most likely that on 
site cement and sodium silicate would be added to moist chalk and not to 
chalk that had been previously dried.
Samples were compacted into 4 inch cube moulds by means of a 
Kango electric vibratory hammer except for tests M26 to M29 inclusive. 
These tests were performed to find the relationship between 7 day crushing 
strength and dry density so it was necessary to produce specimens in 
varying states of compaction. A hand rammer, similar to a Proctor 
rammer but fitted with a square plate slightly, smaller than the mould, 
was used. The number of blows was varied from 3 per layer to 25 per 
layer. Moulds were filled as before in three approximately uniform 
layers.
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It was found to be much easier to compact specimens that 
contained sodium silicate than those without sodium silicate. Mixes 
that did not contain sodium silicate tended to form relatively large 
masses in the mixer, the addition of sodium silicate broke down these 
masses. Sodium silicate also had a lubricating effect and considerably 
less compactive effort was required to form cubes containing this 
substance.
A set of tests were performed to find the effect of curing 
method on the seven day crushing strength of stabilized chalk. Six 
specimens were made up with 8$ of Ordinary Portland Cement and 2$ Sodium 
Silicate at a moisture content of between 24.5$ and 25$. The specimens 
were then treated as follows:
Two specimens were stored in a laboratory at an approximate 
air temperature of between 16° and 22° C. They were placed on a laboratory 
shelf so that air could circulate around each face. Two specimens were 
wrapped in polythene and sealed to exclude air. Two specimens were kept 
immersed in water.
Table 6.2 is a summary of this test.
TABLE. 6.2
Sample
No.
Curing
Method
Average
Preparation
Density.
kg/m3
Average 
Test Density
kg/m^
$
Variation 
in Density
Average 7 
day crushing 
stress 
MN/m2
1 & 2 Air
Dried
1800 1617 - 10$ 4.62
5 & 4 Sealed 
in Poly­
thene
1824 1820 - 2$ 4.38
5 & 6 Immersed 
in water 1828 I878 + 2.7$ 4.28
It may be seen from the above table that the method of curing
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appears to make very little difference to crushing strength in spite of 
the fact that the density of the air dried specimens reduced by 10$ 
between preparation and testing. The samples sealed in polythene 
reduced by 2$ and the samples immersed in water increased by 2.7$
The specimens for the remainder of the test w6re cured by 
placing them in a cool store room and covering them with slightly damp 
sacking.
6.3. MOISTURE CONTENT OF TEST SPECIMENS.
In the research project carried out at The Road Research 
laboratory two moisture contents were chosen, i.e. 29 per cent and 26 
per cent. The reasons for using these were given as follows:
(a) 29 per cent. This was the saturation moisture content of the chalk. 
It has been found that within a few feet of the surface the natural 
moisture content is very close to the saturation value.
(b) 26 per cent. This would be the order of moisture content of chalk
stabilized with 12 per cent of cement assuming an initial moisture 
content of 29 per cent for the chalk and that no further water is added.
It is felt that it is not necessary to assume that chalk would 
have to be stabilized at such high moisture content During the 
discussion on a paper read to the Institution of Civil Engineer, Mr. D.C. 
Heath (Chief Resident Engineer, High Wycombe By Pass) gave the following 
table:
Typical Moisture Content Loss of Chalk Laid Out to Dry.
Cressex Fill Area 26th August 1964. Weather: Bright and
Max
1.
. Temps. 75°/82° F. 
As laid down.
M/C $ 
30.2
2. After one hour. 27.4
3. After two hours. 26.4
4. After three hours. 25.5
5. After four hours. 23.6
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It is standard practice and a relatively easy, matter to 
adjust the moisture content of soil for the purposes of compaction.
It can be seen from the above table that a reduction in moisture content 
of over 6# was achieved in four hours. It seems much more logical to 
specify the moisture content at which the chalk should be stabilised 
and the moisture content adjusted than to assume that the chalk would 
be stabilized at its saturation moisture content.
In order to make comparisons with the research carried out at 
the Road Research Laboratory a number of samples were made and tested 
at a moisture content of approximately 26#. A large number of other 
samples were made at various moisture contents in order to find the 
optimum percentage for strength and dry density.
6.4. TEST PROCEDURES.
All the tests in this series were carried out in the same Avery 
compression test machine as preliminary test specimens P7 to P28 inclusive. 
The pre-test treatment of specimens and method of test was as for the above 
preliminary specimens.
6.5; DISCUSSION OF TEST RESULTS.
I Crushing Stress / Moisture Content relationship.
Figure 9 Graph Ml page 68 shows the relationship between 7 day 
crushing strength and moisture content for cubes made of chalk to which 
6# ordinary portland cement and (a) 2# Sodium Silicate, (b) 1# Sodium
Silicate and (c) no Sodium Silicate had been added. It may be seen from
this figure that moisture content has a marked effect of 7 day crushing 
strength. Optimum moisture content is between 22# and 23#. The increase 
in crushing strength due to the addition of 1# and 2# of sodium silicate
is also apparent. Probably the most significant effect of the addition
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of the sodium silicate is to extend the range of moisture contents 
over which the required crushing strength of 3.45 MN/m is achieved, 
i.e. With no sodium silicate a crushing stress greater than 3*45 ME/m2 
is achieved over a range of moisture content between 21$ and 23*5$*
With 2$ sodium silicate the required crushing strength is achieved over 
a range of moisture content of approximately 20$ to 26$.
Figure 10 Graph M2 page 69 is similar to Figure 9 Graph Ml but 
shows the crushing strength/moisture content for specimens with 8$ 
ordinary portland cement content and similar additive of sodium silicate 
as before. Optimum moisture content is between 23$ and 24$. The 
increase in optimum moisture content for the higher percentage of cement 
was thought to be due to the increase in water necessary to hydrate the 
additional cement.
A comparison of the two figures shows that with 8$ cement a 
20$ increase in crushing strength is achieved with 2$ sodium silicate 
compared to specimens without sodium silicate, but with 6$ cement the 
increase in crushing strength is only 1 3*5$ with 2$ sodium silicate.
For 8$ cement and 2$ sodium silicate the required crushing 
2strength of 3*45 MN/ra was achieved over a range of moisture contents 
between approximately 21$ and 28$.
In the construction of these graphs the results of tests on 
specimens with dry densities 5$ or more below the optimum value were 
discarded.
In a project carried out of The Road Research Laboratory, 
(R.R.L. Report LI? 328), samples were prepared at two moisture contents 
as follows:
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(a) 29 per cent. This is the approximate saturation moisture 
content of soft chalk.
(b) 26 per cent. This would be the order of moisture content 
stabilized with 12$ of cement assuming an initial moisture 
content of 29$.
It may he seen from figures 9 and 10. that with a moisture
content of 26$, 2$ of sodium silicate must be added with 6$ cement and
1$ of sodium silicate with 8$ of cement to achieve the required
2crushing strength of 3*45 MN/m .
6.5
II Correction factors for 7 day crushing strength/moisture content.
Figure 11 Graph M3 is a graph of correction factors for seven 
day crushing strengths/moisture content for three mixes, i.e.
(a) Chalk - 6$ Ordinary portland cement - 0 Sodium Silicate.
(b) Chalk - 6$ Ordinary, portland cement - 1$ Sodium Silicate*
(c) Chalk » 6$ Ordinary portland cement - 2$ Sodium Silicate.
Figure 12 Graph M4 is a similar graph for the mixes*.-
(d) Chalk - 8$ Ordinary Portland Cement ~ 0 Sodium Silicate.
(e) Chalk ~ 8$ Ordinary Portland Cement - 1$ Sodium Silicate.
(f) Chalk - 8$ Ordinary Portland Cement - 2$ Sodium Silicate.
These graphs were based upon Figures 9 & 10
The purpose of these graphs is to facilitate the construction 
of other graphs for crushing strength/cement content and crushing 
strength/Sodium Silicate content, etc. where it was necessary to adjust 
crushing strength of cubes with moisture contents at other than optimum 
values. This procedure was adopted only for moisture contents within
2$ of the optimum, test results of cubes with moisture contents outside
this range were discarded.
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III Seven day crushing strength/dry density.
Figure 13 Graph M5 shows the variation in seven day crushing 
stress against dry density for cubes of the following composition:
(a) Chalk - 6$ Ordinary Portland Cement - 1# Sodium Silicate.
(b) Chalk - 6# Ordinary Portland Cement - 2# Sodium Silicate.
To form the specimens for these tests the amount of compactive
effort was varied as described previously. Considerable difficulty was 
experienced in forming cubes containing Sodium Silicate at the lower 
dry densities because very little compactive effort was required to 
form specimens of relatively high density.
Specimens were made with the optimum moisture content of 
22# to 23$.
The relationship between seven day crushing strength and 
dry density was found to be of the form:
S dn
where
S = 7 day crushing stress
d ~ dry density 
K and n are constant.
The average value of n was 5-
For chalk stabilized with cement only at the Road Research
Laboratory a value of n = 7 was obtained.
It may be seen from figure 13 Graph M5 that the calculated
maximum dry density for a moisture content of 23$ and a specific gravity
3for stabilized chalk of 2.71 is 1.67 Mg/m ,
i.e. Maximum yfd = yf wG (e = mG)
1 + e
6.5
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It was found that by compacting specimens with a Jfengo electric 
vibratory hammer a preparation density of (1.9 to 2,0) Mg/m^ was regularly 
achieved with moisture contents of between 22$ and 23$.
This density corresponds to a dry density of (1.54 to 1,63)
3
Mg/m (with m = 23$) and is equivalent to an air voids ratio of between 
3$ and 7$.
6.5
IV Correction Factors for Dry Density.
Figure 14 Graph m6 Page73 is a graph of correction factors 
for seven day crushing strength against dry density for a 6$ O.P.C. 1$ 
Sodium Silicate formulation., A factor of unity corresponding to a dry
3
density of 1.56 Mg/m was chosen. This dry density corresponds to an 
air voids ratio of approximately 6.5$. The choice of this dry density 
was somewhat arbitrary and is a reasonably average value of the maximum 
dry densities that were obtained in the tests and at which maximum 7 day 
crushing strengths were obtained. It is a fairly conservative value as 
it was felt to be inappropriate to correct strengths of specimens that had 
dry densities within, say 2 or 3$ of the dry densities that were normally 
obtained with well compacted cubes.
The purpose of this graph is to facilitate the construction of 
other graphs for crushing strength/cement content and crushing strength/ 
sodium silicate content etc. where it was necessary to adjust crushing 
strength of cubes with lower dry densities that those normally obtained.
It is felt that these correction factors should he used 
conservatively. All relatively poorly compacted cubes were discarded.
6. 5
V. Dry Density/Moisture Content.
Figure 15 Graph M7 Page 74 shows the variation in dry 
density with moisture content for the following specimen compositions i
- 57 -
(a) Chalk - 6$ Ordinary Portland Cement *® 1$ Sodium Silicate.
(b) Chalk - 6$ Ordinary Portland Cement - 2$ Sodium Silicate.
(c) Chalk - 8$ Ordinary Portland Cement - 1$ Sodium Silicate.
(d) Chalk - 8$ Ordinary Portland Cement - 2$ Sodium Silicate.
It may be seen that maximum dry density occurs for each
formulation at a moisture content of between 23$ and 24$.' This agrees 
very closely with the optimum moisture content for 7 &&y crushing stress 
which was between 22$ and 24$.
It is very interesting to note that the maximum dry density 
was achieved with the lowest ratio of stabilizer, i.e. 6$ Ordinary 
Portland Cement + 1$ Sodium Silicate and the lowest dry density with 
the highest ratio of stabilizer, i.e. 8$ O.P.C. +' 2$ Sodium Silicate.
It was noted whilst preparing specimens for test that 
formulations containing the higher ratios of stabilizer, particularly 
sodium silicate, were rather spongy. Because of the lubrication effect 
of the sodium silicate comparatively little effort was required to 
compact the cubes but these cubes were less dense than cubes formed 
without sodium silicate and more compactive effort.
6.5
VI. Seven Day Crushing Strength/Ordinary Portland Cement Content.
Figure 16 Graph M8 Page 75 shows the variation of seven day 
crushing strength against ordinary portland cement content for specimens 
(a) without sodium silicate, (b) with 1$ sodium silicate and (c) with 2$ 
sodium silicate. In the construction of these figures the crushing 
strengths were corrected for optimum moisture content by means of Figure 11 
Graph M3 and for dry density by means of Figure 14 Graph M6.
Within the relatively restricted range of cement contents 
considered a linear relationship between cement content and seven day
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crushing stress appears to exist.
It may he seen from Figure 16 GraphM8 that the percentages 
of Ordinary Portland Cement required, with optimum moisture content 
and compaction to an air voids ratio of not greater than 6$, to achieve
p
the required seven day crushing strength of 3.45 MN/m is as follows: 
No sodium silicate - 5*5$
1$ sodium silicate - 4.3$
2$ sodium silicate - 2,3$
These percentages are of course highly theoretical as they
apply to cubes made under laboratory conditions, etc. It is expected
that under site conditions these percentages would need to be
multiplied by a factor of at least 2.
Figure 17 Graph M9 Page 76 shows the variation in seven day
crushing strength against ordinary portland cement content for
specimens (a) without sodium silicate, (b) 1# sodium silicate and
(c) 2$ sodium silicate, with a moisture content of 26$. This is the
moisture content adopted by the Road Research Laboratory in their
investigation into stabilized chalk.
The percentages of ordinary portland cement required to
2achieve the required seven day crushing stress of 3.45 MN/m is as 
follows:
No sodium silicate - 9*8$
1$ sodium silicate - 8.2$
2$ sodium silicate - 6.5$
The percentage of ordinary portland cement required where 
no sodium silicate is added corresponds very closely to that found 
to be necessary in the research carried out at the Road Research 
Laboratory. In that case the quantity of ordinary portland cement 
required was expressed as a percentage of dry chalk and was given as 
12$ to 14$. 9*8$ expressed in this way with a moisture content of
2 6 % is 12.35%. cq
VII. Seven Day Crushing Strength / Sodium Silicate Content.
At the time of the investigation the hulk price of sodium 
silicate was approximately two to three times the price of ordinary 
Portland Cement so it is most unlikely that chalk stabilization processes 
that involved the use of more than say 1$ or 2$ of Sodium Silicate would 
he considered except for special purposes, i.e. where fluid additives were 
necessary for injection etc.
Because the "Main Investigation" part of the. project was chiefly 
concerned with determining the effect of the addition of small percentages 
of sodium silicate only one set of 12 tests were carried out to find the 
effect of adding various quantities of this chemical.
The composition of the specimens for these tests was: chalk,
6$ Ordinary Portland Cement and 0 - 1$ - 2$ - 3$ - 4$ and 5$ of sodium 
silicate. Moisture content of the specimens was the optimum value of 
23$ to 24$.
Figure 18 Graph M10, Page 77 is a graph constructed from results 
of this test. It may he seen that crushing strength increased sharply with 
sodium silicate contents up to 2$ then reduces at between 3$ and 4$ then 
increases from 4$, The dotted line on this graph between sodium silicate 
of 0 and 2$ has been constructed from results obtained from other tests.
It appears that for smaller percentages of sodium silicate the 
results of one test set appears to indicate that an optimum value occurs 
at approximately 2$.
6*5
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6.5 VIII Variation of Crushing Strength with Time.
A number of axial compression tests were carried out in 
order to determine the variation of crushing strength with time. 
The six formulations tested were:
6% O.P.C, with 0 -=1% and 2% Sodium Silicate and 
8% 0,P,C, with 0 and 2% Sodium Silicate,
The specimens were generally tested at time intervals 
after preparation of 24 hours, 48 hours, 4 days,7daye 14 days and 
28 days,
Figures 19 and 20 pages 78 and 79 were eonstucted from the 
results of these tests. To plot these graphs the crushing stresses 
obtained in the tests were modified as before, results of tests 
on specimens with moisture contents that varied by more than 1,5% 
from the optimum were discarded. Test results of specimens with 
densities that varied significantly from those normally obtained 
were also discarded. The appropriate test results at each time 
interval for each formulation were averaged.
Figure 19 shows the increase in crushing strength with 
time for specimens with 6% O.P.C. It may be seen that the
specimens containing sodium silicate increased in strength at a
*
much faster rate during the first seven days than those without 
sodium silicate. At fourteen days the average strength of each 
set of specimens irrespective of sodium silicate content was 
approximately equil. After fourteen days the specimens without 
sodium silicate continued to increase in strength at a relatively 
slow rate. The strength increase of the specimens with sodium 
silicate was practically complete at fourteen days. At twenty- 
eight days the specimens without sodium silicate had a crushing
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strength approximately k% higher than those with sodium silicate.
Figur© 20 shows the increase in crushing strength with time 
for specimens with 8% sodium silicate.
It may be seen that this figure is somewhat different 
from figure 19« The specimens containing sodium silicate remained 
stronger throughout the period of the test but the difference in 
strength at twenty eight days was less than at earlier times.
The construction of figures 19 and 20 was based upon the 
results of tests on ?2 specimens only so some doubt must exist 
about the reliability of these figures. It appears likely 
that sodium silicate considerably accelerates the increase in 
crushing strength up to fourteen days, after fourteen days the 
specimens without sodium silicate continue to increase in strength 
at a much faster rate so that eventually they are at least as 
strong as those specimens with sodium silicate.
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CHAPTER 7
INVESTIGATION INTO THE FROST SUSCEPTIBILITY AND WETTING 
AND DRYING RESISTANCE OF STABILIZED CHALK.
7.1. GENERAL INTRODUCTION.
All chalks are known to be extremely frost susceptible. The 
results of frost tests carried out by the Road Research Laboratory on 
chalks taken from different parts of Southern England show that the 
heave due to the action of frost is in general much larger than that 
observed on all the other materials considered in that research. The 
amount of heave observed in the above tests was dependent upon the 
saturation moisture content of the chalk. The results of frost heave 
tests on cubical specimens h inches diameter by 6 inches long of seven 
chalks of varying saturation moisture content aJre shown in Figure 21,
Page 97- It may be seen that heaves of between 0.35 inches and 7.10 
inches were recorded.
The chalk used in the current project was found to have a 
saturation moisture content of the order of 26$, so it may be expected 
that the heave of untreated specimens of this chalk would he between 
five and seven inches.
Figures Nos, 21 to 28 inclusive shown at the end of this 
chapter were originally given in Road Research Laboratory Report No.LR.90. 
The Frost Susceptibility of Soils and Road Materials by D, Croney and 
J.C.Jacobs.
7.2. FROST ACTION IN SOILS AMD ROAD MATERIALS.
The principal cause of damage to roads during severe frost is 
heave in the subgrade or sub-base, associated with the continuous freezing 
to which these elements of the road structure are subject. This heave 
arises not from the expansion of the water on freezing, which can generally 
be accommodated within the pore spaces, but from a continuous migration of
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moisture into the freezing zone from the unfrozen material below*
The thermodynamics of the freezing process in moist porous 
materials are now fairly clearly understood. At temperatures above 
freezing point, the water in such materials has a negative pressure 
or suction which results from the surface tension and absorption forces 
by which the water is retained. This suction increases rapidly with 
decreasing moisture content, and for this reason it is often expressed 
in terms of the logarithmic pF scale on which the common logarithm of 
the suction expressed in centimetres of water is equivalent to the pF 
value. If the temperature of the material is reduced a little below 
the freezing point of free water, water within the pores freezes until 
the suction of the water left unfrozen rises to a value which inhibits 
further freezing at that temperature. There is thus a relation between 
the temperature depression below 0°C and the suction of the unfrozen 
water. This relation, in terms of the pF scale,
pF = 4.095 + bog1Qt
where t is the temperature depression. (See Fig. 22, Page 98 •)
It follows that, if soil or any other porous material in 
hydrostatic equilibrium with its surroundings is affected by local 
freezing, the equilibrium will be disturbed and there will be a 
tendency for water to move towards the freezing zone defined as a zone 
in which temperatures are below 0°C.
Above the level of the zero isotherm there is a rapid increase 
in suction to a value between 10 and 100 times that below the freezing 
zone. This suction gradient will tend to draw water from the unfrozen 
soil into the freezing zone to form ice lenses and give rise to frost 
heave.
In the frost heave process the suction developed in the freezing
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zone provides the necessary pressure gradient to cause moisture flow.
The rate at which the associated moisture migration occurs depends on 
the resistance to flow and hence on the prevailing permeability. Two 
permeabilities are involved; that of the unfrozen material through 
which the water must pass and that of the freezing front defined 
arbitrarily as the thin boundary layer of the frozen zone. The exact 
mechanism involved in the formation of ice lenses is still a matter of 
conjecture. It is, however, generally agreed that ice crystals form 
in the soil pores close to the boundary of the frozen zone and that 
these crystals grow from water drawn through what has been defined here 
as the freezing front. If the permeability of the unfrozen.material is 
too low to permit any significant movement of water under the pressure 
gradient prevailing, heave cannot occur even if the magnitude of the 
suction prevailing in the freezing zone appears very high. Within the 
freezing front the permeability is controlled by the amount of water 
unfrozen at the prevailing temperature.
Silty soils combine a moderately large natural permeability with 
a high proportion of unfrozen water in the freezing zone and for these 
reasons they are most liable to frost heave. Crushed porous rocks such 
as, chalk exhibit frost heave for the same reason. In soft chalk the 
permeability is sufficiently high to permit very serious heave, but in 
harder varieties and in limestones the lower permeabilities in the frozen 
and unfrozen material will minimise or prevent heaving.
7.3. FROST PENETRATION IN GREAT BRITAIN.
Soil temperatures to a depth of 600 mm. are recorded at a 
number of meterrological stations in the South of England. Figure 214- 
Page 99 shows the maximum penetration of the zero isotherm during the
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recent most severe winters. It may be seen that during the exceptionally 
severe winter of 1963 the zero isotherm penetrated to a depth of 19 inches 
under a 6 ins. concrete slab at Harmondsworth, Middlesex. It is 
generally considered that a maximum penetration of 16 ins. should be 
provided for in roadway design and construction.
This means that untreated chalk should not be permitted within 
this depth. If chalk is to be used directly under a concrete pavement 
slab of say 6 ins, thickness, a layer of 14 ins. should be treated to 
resist frost heave.
Experience' during the very severe winters of 1940 and 1947 
was used to develop the criteria from which the frost susceptibility 
of road materials can be judged. It was concluded that materials that 
heaved less than 0.5 ins. during the 10 day period of the test were 
satisfactory. Those that heaved more than 0.7 ins, were classified as 
“very frost susceptible”.
7.4 FROST HEAVE TESTS ON CHALK CARRIED OUT AT THE ROAD 
RESEARCH LABORATORY.
A number of frost heave tests on natural and stabilized soft 
chalk were carried out at the Road Research Laboratory. Some of the 
conclusions arrived at from the results of these tests are as follows:
Within the maximum size range § to lj in. the degree to which 
soft chalk is broken down appears to have only a small influence on the 
frost heave. This is shown in Fig. 25, Page 100. The heave is also 
shown for a standard-size^l cylinder of the chalk turned from a solid 
block of the material. In the latter case fracture of the chalk cylinder 
occurred near the final position of the zero isotherm and a single ice 
lens formed. The crushing strength of the solid chalk was about 2.76 MN/m2.
The degree of compaction of broken chalk has only a marginal
- 83 -
affect on the permeability both within and below the frozen zone and 
as a consequence it has little influence on the magnitude of frost 
heave, Fig. 27, Page 101
Adding cement to soft chalk effectively reduced frost heave,
Fig. 28, Page 102 The results shown inset in the figure indicate that 
about 12 per cent of cement would be necessary to reduce heave to 0.5 ih. 
in a soft chalk of saturation moisture content 27 percent. The reduction 
of 'heave may be largely due to the effect of the cement on the permeability 
below the frozen zone rather than its contribution to crushing strength, 
since 8 per cent of bentonite added to the chalk reduced the heave more 
than 8 per cent of cement. Two mechanisms, however, may be involved.
The addition of sodium tripolyphosphate to the water contained 
in soft chalk markedly reduced the heave, Fig. 26, Page 101 However, 
the addition of 2 per cent of the chemical did not reduce the heave to 
below 1 in., and this would hardly represent an economic method of 
treating frost-susceptible chalks.
7.5 INTRODUCTION TO FREEZING AND THAWING, AND WETTING AND DRYING TESTS.
In this part of the investigation the durability of chalk 
specimens was investigated. Apart from control specimens only those 
formulations that had met the ’’Specification for Road and Bridge Works"
- 7 day compressive strength requirements, were tested.
To investigate the frost susceptibility of the specimens it 
was originally intended to use the Road Research Laboratory Frost Test.
In this test compacted cylindrical samples of the material under test 
are frozen from one end while the other end is in contact with free 
water maintained at a temperature slightly above freezing point. The 
heave is recorded over a period of 10 days. This test is described in 
detail in Road Research Laboratory Report LR.90*
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Because it was not possible to obtain the use of a frost 
cabinet it was decided to carry out a test programme based upon "Soil- 
Cement Durability Tests" originated by the Portland Cement Association 
of America. These tests are described by the Road Research Laboratory 
as follows:
7.6 DESCRIPTION OF DURABILITY TESTS.
Four soil-cement cylinders are made up at each of several 
cement contents, at the optimum moisture content, in the manner used 
in the compaction test, and two are submitted to cycles of wetting and 
drying and two to freezing and thawing.
For the wetting and drying test, after 7 days' curing in a 
damp atmosphere, the specimens are immersed in water for 5 hours, after 
which the No. 1 specimen is weighed and measured, and both specimens are 
placed in an oven at l60°F. for 42 hours. On removal, both specimens are 
weighed, the No. 1 specimen is measured, and the No. 2 specimen brushed 
firmly all over with a stiff wire brush (a specified method is given, 
using a standard brush), and weighed again. This is repeated until the 
specimens have been through twelve cycles of wetting and drying.
For the freezing and thawing test, after 7 days curing the
specimens are placed on water-saturated felt pads or blotters and stood
on carriers in a refrigerator at a temperature not higher than -10°F. 
for 22 hours. On removal the No. 3 specimen is weighed and measured, and 
both specimens are then kept in a moist atmosphere at room temperature
for 22 hours, care being taken that the felt pads are kept moist. Both
specimens are then weighed, the No. 3 specimen measured, and the No. 4 
specimen brushed and weighed as for the No, 2 specimen. This is repeated 
until the specimens have been through 12 cycles of freezing and thawing. 
The maximum swelling of the Nos. 1 and 3 specimens is calculated on the
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basis of the volume as moulded and the loss in weight of the Nos. 2 and 
4 specimens is found on the basis of the oven-dry weight. The maximum 
allowable swelling is 2 per cent, and the maximum loss of weight is as 
shown in Table 7*1 below.
TABLE NO, 7.1. Maximum Allowable Weight Loss in Durability Tests.
Type of Soil Maximum allowable weight loss
Gravelly & Sandy Soils 14$
Silty Soils 10$
Clay Soils 7$
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7.7 COMPOSITION OF SPECIMENS FOR FREEZING AND THAWING TESTS.
The additives to moist chalk used in the formation of specimens 
for the freezing and thawing test are shown in Table 7*2 below:
TABLE NO. 7»2. Composition of Specimens for Freezing & Thawing Test.
Specimen No.
Ordinary Portland 
Cement 
(Gms.)
Sodium 
Silicate 
(Gms.)
Other Additive 
(Gms.)
Moisture. 
Content
1 ) None None None 16$
2 )
3 )
4 )
None 260 (8$) 26 (0.8$) 
Formamide
17.2$
5 ) 26 (0.8$) 260 (8$) None 16.9$
6 )
7 ) None 160 (5j&) . None 17.1#
8 )
9 ) 
10 )
.250 (6$) None None 22.6$
11 ) 250 (6$) 42 (1.0$) None 23.2$
12 )
15 ) 
14 )
250 (65S) 84 (2.0$) None 23.4#
Percentage of additive expressed as a percentage of dry chalk.
- 87 -
The specimens were made in a cylindrical Proctor Standard 
Compaction mould. The standard technique specified for the Proctor 
test was used to compact the treated chalk into the mould, i.e. The 
mould was filled in three layers, each layer of the chalk being compacted 
with 25 blows of a standard 2.5 kg. rammer which drops 300 mm. at each
blow. The specimens were then extruded by means of a small hydraulic
jack extruder.
The specimens were then placed on a shelf in a cool laboratory
store and covered with moist hessian sacking to cure for seven days. At
the end of this period the specimens were weighed and measured.
7.8 TESTING OF SPECIMENS FOR RESISTANCE TO FREEZING AND THAWING.
The fourteen specimens were separated into three sets of four 
and one set of two. They were then placed in their sets on water-
saturated thick felt pads in shallow steel trays and placed in a deep
freeze cabinet. The temperature in the cabinet was then lowered as 
quickly as possible to -l8°C.
After 22 hours the specimens were removed from the deep freeze
cabinet and placed on a shelf in a laboratory store room and allowed to
thaw for 22 hours. The felt pads were kept fully saturated during this 
time. The condition of the specimens at this stage was as described in 
Table No. 7*3, Pages 94 & 95*
It may be seen from this table that the specimens in which the 
main additive was sodium silicate were badly damaged by freezing, with 
cracks penetrating deeply into the specimens and pieces broken off# The 
specimens in which Ordinary Portland Cement was the main additive, were 
virtually undamaged.
Specimens 1 to 8 inclusive could nob he handled because of • 
their very fragile and fragmented condition.
\ »
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All the specimens were measured at this Btage; it was not 
possible to weigh specimens No. 1 to 8 inclusive because of the probable 
damage that would occur if handled.
The specimens were then returned to the freezing cabinet for 
the second freezing period. After this was complete the specimens were 
photographed in a frozen condition. These photographs are shown on 
page 102.
The specimens were then left to thaw for the second time. At 
the end of this thawing period specimens 1 to 8 were in such a bad 
condition that it was considered pointless to continue testing. The state 
of all the specimens at this stage is described in Table 7*3*
Specimens 9 - 1 4  inclusive were then subjected to the ten 
remaining cycles of freezing and thawing. The condition of these 
specimens at the end of the test is described in Table 7*3* They were 
photographed at this stage and these photographs are shown on Page 105 
7*9 CRUSHING STRENGTH OF SPECIMENS AFTER FREEZING AND THAWING TEST.
At the end of the test the only specimens that could be tested 
for axial compressive strength were specimens 13 and 14. The other 
specimens that had survived to this stage broke up when handled.
The seven day crushing strength of specimens 13 and l4 was 
as follows:
Specimen Number ' Crushing Strength
13 1.03 MN/m2
14 0.97 MN/m2
\
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7.1° DISCUSSION OF RESULTS OF FREEZING AND THAWING TEST.
Specimens 1 to 8 inclusive in which the main additive was 
sodium silicate withstood this test very badly. After two cycles of 
freezing and thawing they were completely destroyed and when handled 
became completely fragmented.
The specimens in which the main additive was Ordinary Portland 
Cement stood up to the test very well, as may be seen from the photographs. 
Specimens 13 and 14 i.e. the specimens with 6$ O.P.C.+ 2$ Sodium Silicate 
were almost completely intact at the end of the test. Some slight damage 
around the base was thought to be due to poor compaction in this part of 
the specimen.
Specimens 11 and 12 contained 6$ O.P.C. + 1$ Sodium Silicate. 
Specimen 12 was relatively intact at the end of the test and in good 
condition; some slight fragmentation around the base. Specimen 11 was 
badly fragmented.
Specimens 9 and 10 which contained 6$ O.P.C,$ no Sodium Silicate 
were in very poor condition at the end of the test and broke up completely 
when handled.
The results of this test indicated that stabilized chalk 
specimens in which the main additive was Sodium Silicate would have very 
little resistance to frost damage. But in specimens in which the main 
additive was O.P.C. the addition of relatively small percentages of sodium 
' silicate increased the resistance to frost damage very considerably.
Whilst the freezing and thawing test was very useful to obtain 
comparisons between different additives it was not possible to quantify 
the resistance to frost heave, and hence check whether the accepted 
criterion for the amount of frost heave could be met. But it is thought 
most probable that the addition of small percentages of sodium silicate
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to specimens stabilized with cement would considerably reduce the frost 
heave *
7.11 COMPOSITION AND PREPARATION OF SPECIMENS FOR WETTING AND 
DRYING TEST.
The additives for this test are shown in Table 7*4 below.
TABLE NO. 7.4 Composition of Specimens for Wetting & Drying Test.
Specimen
Number
Ordinary Portland 
Cement 
(Gms.)
Sodium 
Silicate 
(Gms.)
Moisture
Content
$
1 - 4 8# 0 22.8
5 - 8 8$ 1$ 23.1
9 - 12 8$ 2$ 23.0
The specimens were made in 4 inch cube moulds. The method of 
preparation was the same as that used to prepare specimens in the "Main 
Investigation". Specimens were covered with moist hessian sacking and 
cured for seven days before testing.
7.12 TESTING‘OF SPECIMENS FOR RESISTANCE TO'WETTING AND DRYING.
After curing for seven days all the specimens were totally 
immersed in a tank of water for 5 hours. They were then weighed and 
measured and placed in a thermostatically controlled laboratory oven 
set at a temperature of 72°C. They were left in the oven for 42 hours.
At the end of this time they were removed from the oven and again weighed 
and measured. This was repeated until the specimens had been through 
ten cycles of wetting and drying.
The specimens were photographed during each cycle before 
immersion : typical photographs are shown on pages 104 & 105 *
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There was no apparent difference in the appearance of the 
specimens at the start and the finish of the test as may be seen from 
the photographs.
Table No, 7*5 shows the dry weights of the specimens at 
daily intervals. It may bk seen that the actual total loss in weight 
of all the specimens was very small as shown below.
Specimens 1 - 4  (8$ O.P.C. 0 Sod.Sil.) Average weight loss - 13.85 gms.
Specimens 5 - 8  (8$ O.P.C. 1$ Sod.Sil.)Average weight loss - 10.48 gms.
Specimens 9 - 1 2  (8$ O.P.C. 2$ Sod.Sil.)Average weight loss - 7.25 gins.
7.3.3 CRUSHING STRENGTH OF SPECIMENS AFTER WETTING AND DRYING TEST.
At the end of the test the specimens were tested in axial 
compression. The results of these tests are given in Table 7*6 below.
TABLE 7 .6 Crushing strength of Specimens after Wetting & Drying Test.
Sample
No.
Crushing Stress 
(MN/m2) 
Actual Average
Sample
No.
Cru shing Stre s s 
(MN/m2) 
Actual Average
Sample
No.
Crushing Stress 
(MN/m2) 
Actual Average
1
2
3
4
6.03
5.52
5.82
5.21
5.65
6.01
5.83
5.83 
5.73
5.85
9 6.55
10 6.65
11 7.25
. 12 6.70
6.75
The crushing strength of the specimens at the end of the test 
was no different to that expected of specimens of similar age that had 
not been subjected to wetting and drying. The specimens containing 
sodium silicate failed at higher crushing stresses than those without 
sodium silicate.
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It may be concluded that alternate cycles of wetting and 
drying would have relatively little effect o.' chalk stabilized with 
ordinary portland cement only, or with ordinary portland cement and 
sodium silicate.
7.14 DISCUSSION OF RESULTS OF WETTING AND DRYING TEST.
Although this test is considered to be rather severe the 
effect on the test specimens of ten cycles of wetting and drying 
appeared to be virtually negligible. The average weight loss of all 
the specimens was of the order of 0.006$. The permissible weight loss 
for other soils is given in Table No. 7*1 Page 86 as between 7$ and 
14$.
The specimens containing sodium silicate lost rather less 
weight than those without sodium silicate. This indicates that the 
sodium silicate combines chemically with the chalk and cement to form 
an insoluble bond.
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Material
No.
Saturation  
moisture content 
(per cent)
Heave at 250 
hours ( in )
1 25 V05
2 10 035
3 24 1-55
4 15 2-85
5 27 7-10
6 22 5*45
7 24 5*60
RELATION BETWEEN HEAVE AND 
SATURATION MOISTURE CONTENT
Hours of freezing 
F i g . 21.  F R O S T  H E A V E  OF  S E V E N  C H A L K S
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CHAPTER 8
MAIN CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY
8*1 PRELIMINARY INVESTIGATION
In this part of the project the main objective was to find 
suitable additives so that chalk specimens could be stabilized to 
have a seven day crushing strength of 3.45 MN/m2, Emphasis was placed 
upon determining the effectiveness of sodium silicate as the main 
stabilizing additive. The composition of the specimens tested in the 
preliminary investigation is shown in table 4.1, page 27.
It was originally considered likely that sodium silicate used 
as a single additive would be suitable, it was theorized that the 
sodium silicate would combine with the chalk, which is almost pure 
calcium carbonate, to form calcium silicate.
A number of specimens were made up, each containing one of 
the three types of sodium silicate selected for investigation. The
crushing strength at seven days of all these specimens was well below
2the required 3*45 M / m  * From the results of these tests it was 
apparent that some hardening or setting agent for.the sodium silicate 
was necessary. To find the most suitable setting agents recourse was. 
made to the technology of the foundry industry.
Because of the probability that fluid hardeners would be 
easier to apply ln-situ these were investigated first. Most of the 
fluid hardeners used in the foundry industry such as the organic 
esters and acetins would be far too costly for use in soil stabilization 
work. The two most likely chemicals known wereethylene glycol diacetate 
and forraamide.
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A number of cubes were made up containing either FG112 Pyramid 
Brand Sodium Silicate or M75 Brand Sodium Silicate in combination with 
one or other of the above two setting agents. It was found that the 
highest seven day crushing strength was obtained with the Pyramid 
sodium silicate with Formamide as a setting agent. The seven day 
crushing strength of cubes with between 7*5 aad 10$ of Pyramid (to dry
2weight of chalk) with 0.8 to 1.0$ of Formamide were above the 3*45 MN/m
required by the Specification for Road and Bridge Works.
The moisture content of the specimens was critical. Optimum
moisture content was approximately 17$. Cubes produced with moisture
content varying by more than 1 or 2$ of this figure invariably had a
crushing strength below that required.
In addition to the liquid setting agents described above,
powder setting agents were also investigated. Research literature from
the foundry industry had indicated that the most likely powder setting
agents were likely to he:
Ordinary Portland Cement
Rapid Hardening Portland Cement
Sulphate Resisting Portland Cement
Alkaset (a proprietrytri-calcium silicate)
and Ferro Silicon
A large number of specimens containing sodium silicate in
combination with one or other of these powders were tested in axial
2compression. Crushing strengths above 3*45 MN/m were produced with 
a number of powders. Ordinary portland cement was found to be the 
most effective.
It was found that chalk cubes could be consistently produced 
with a seven day crushing strength of 3*45 MN/m2 with 8$ to 9$ of
Pyramid Sodium Silicate and 1.5$ of Ordinary Portland Cement. Again 
moisture content was critical with the optimum at approximately 17$.
Because it is possible to effectively stabilize chalk for 
use in r.oad construction with approximately 10$ of ordinary portland 
cement it is unlikely that Sodium Silicate would be considered a 
suitable alternative as the bulk cost of this chemical is two to three 
times that of Ordinary Portland Cement.
Sodium Silicate with Formamide as a setting agent may be 
used where a completely fluid additive is necessary as for injection 
purposes, etc.
8.2 MAIN INVESTIGATION.
From the results of the Preliminary Investigation it was 
concluded that it was unlikely that Sodium Silicate would be used as 
an alternative to ordinary portland cement as a main stabilizing 
additive, except if it was considered that the advantage of the easier 
application of a fluid would outweigh the increased cost. It was 
therefore decided to investigate sodium silicate as a secondary 
additive with ordinary portland cement as the main additive. Previous 
research carried out at the Road Research laboratory had shown that 
approximately 12# to 14$ of Ordinary portland cement (as dry weight of 
chalk) was required to stabilize chalk so that appropriate specification 
requirements were fulfilled.
The primary object of the Main Investigation was to determine 
whether a significant reduction in the amount of ordinary portland cement 
could.be made if small percentages of sodium silicate were added.
Other objectives of the Main Investigation were to determine the 
effect on the seven day crushing strength of ordinary portland cement and 
sodium silicate stabilized specimens due to variations of the following:
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(a) moisture content
(b) dry density
(c) Ordinary portland cement
(d) Sodium Silicate content
The increase of strength with time was also investigated.
The conclusions from this part of the investigation are as
follows:
To produce the required crushing strength of 3.45 M/m2 at 
seven days, approximately 7$ of ordinary portland cement (expressed as 
a percentage of dry weight) Is necessary. This assumes optimum 
moisture content and well compacted cubes.
If 1$ of sodium silicate is added the percentage of ordinary 
portland cement can be reduced to approximately 6$. If 2$ of sodium 
silicate is added the percentage of ordinary portland cement required 
is approximately 3$* These percentages apply to test cubes made under 
laboratory conditions and optimum moisture content.
The current relative prices of hulk ordinary portland cement 
and sodium silicate are such that the above reductions in ordinary 
portland cement probably do not represent any financial gain if material 
costs only are considered. However the research revealed that there are 
a number of other advantages to the addition of sodium silicate such as 
much easier compaction and much improved frost resistance.
More research, particularly in the field, to more thoroughly 
investigate these two aspects, is desirable.
A large number of axial compression tests were carried out to, 
find the seven day crushing strength of specimens over a range of moisture 
contents. With 6$ ordinary portland cement the optimum moisture content 
is between 22$ and 23$. With 8$ ordinary portland cement the optimum is 
23$ to 24$. The addition of 1$ or 2$ of sodium silicate makes very little
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difference to the optimum moisture content. As may he expected moisture 
content is critical, compressive strength falls off sharply for moisture 
contents below and above the optimum., For stabilized chalk to be an 
economic proposition for road construction the moisture content of the 
natural chalk must be adjusted and controlled With care. The 
compressive strength of stabilized chalk is also very dependent upon 
compaction. The relationship between seven day crushing strength and 
dry density of specimens was found to he of the form
S = K£dn 
where S = seven day crushing strength 
- dry density 
K and n are constants, the average
value of n was found to be approximately 5*
Stabilized chalk containing ordinary portland cement and 
sodium silicate was found to be considerably easier to compact than
chalk with ordinary portland cement only, but the addition of sodium
silicate resulted in a slightly lower dry density, A field trial to 
compare dry densities achieved with various formulations of chalk, 
ordinary portland cement and sodium silicate and amount of compactive 
effort required would be very useful
Optimum moisture content for dry density was found to be 
approximately 23$ to 24$ for the formulations tested. This agrees 
very closely with the moisture content required for optimum seven day 
crushing strength, i.e. 22$ to'24$.
The variation in seven day crushing strength with ordinary 
Portland cement was investigated for specimens with:
(a) No Sodium Silicate
(b) 1$ Sodium Silicate
(c) 2$ Sodium Silicate
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For ordinary portland cement content up to 10$ of moist 
weight the relationship was found to be linear for the three mixes, 
but because chalk is relatively weak it is expected that for higher 
percentages, of ordinary portland cement the linear relationship would 
not be maintained.
The variation in seven day crushing strength with sodium 
silicate content was also investigated. This investigation was 
confined to cubes with 6$ ordinary portland cement and up to 5$ of 
sodium silicate. Because sodium silicate is more costly that ordinary 
portland cement it was considered pointless to investigate mixes with 
larger percentages of this chemical.
Seven day crushing strength increased sharply for percentages
of sodium silicate up to 2$. Between 2$ and 4$ a reduction in crushing
strength occurs. Strength increases again for percentages above 4$.
This data is based mainly upon the results of one set of tests. Although 
it is unlikely that percentages of sodium silicate higher than 2$ would 
be used, it would be interesting to confirm these results with more tests 
and perhaps establish the reason for the reduction in strength between 2$ 
and 4$.
8.3 DURABILITY TESTS.
These tests were carried out to determine the resistance of 
stabilized chalk specimens to wetting and drying, and freezing and 
thawing. Only the formulations that had proved to be of adequate crushing
strength were investigated. In the wetting and drying test three sets of
four specimens with the following additives were tested;
(a) 6$ Ordinary portland cement; no sodium silicate
(b) 6$ Ordinary portland cement; 1$ sodium silicate
(c) 6$ Ordinary portland cement; 2$ sodium silicate
These specimens were subjected to ten cycles of wetting and
drying, i.e. they were totally immersed in a tank of water for five
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hours, then dried in a laboratory oven for forty two hours.
All the specimens stood up to this test extremely well.
The weight loss over the twelve cycles was extremely small. The 
specimens containing sodium silicate lost less weight than the specimens 
without this chemical. This appears to indicate that the sodium silicate 
combines chemically with the chalk and/or cement to form an insoluble 
compound. It was concluded from this test that chalk stablized with 
ordinary portland cement alone or with ordinary portland cement plus 
sodium silicate would be relatively unaffected by repeated cycles of 
wetting and drying.
It was originally intended to carry out "Frost Heave Tests" 
as devised by the Road Research Laboratory, but as the frost heave 
apparatus was not available Freezing & Thawing tests were substituted. 
These tests and the Wetting & Drying Test were devised by the Portland 
Cement Association of America, In this test the specimens are subjected 
to twelve cycles of freezing and thawing, i.e. they are placed in a deep 
freeze cabinet for twenty two hours and then allowed to thaw for twenty 
two hours. The composition of the specimens for the test are shown in 
Table No. 7.2, page 87
In this test the specimens in which sodium silicate was the 
main additive-)only survived two cycles of freezing and thawing. After 
this time they were in very poor condition and broke up completely when 
handled.
The specimens in which the main additive was ordinary portland 
cement were subjected to the twelve cycles of freezing and thawing. Of 
these six specimens, the ones which contained no sodium silicate, were in 
by far the poorest condition and broke up when handled. The specimens 
which contained 6$ ordinary portland cement and 2$ sodium silicate were
- 112 -
in very good condition, apart from some damage around the base they were 
intact and it was possible to subsequently test them for axial 
compression strength.
From the results of the freezing and thawing test it seems 
extremely likely that the addition of relatively small proportions of 
sodium silicate considerably reduces the susceptibility to frost damage 
of stabilized chalk in which the main additive is ordinary portland 
cement.
The above tests are considered to be very severe and not 
really appropriate to weather conditions in this country.
In the Road Research Laboratory Frost Heave Test there are 
well developed criteria from which frost susceptibility can be judged. 
Materials which heave less than 0.5 Inches in the test are considered 
to he satisfactory.
It would be very desirable for a programme of R.R.L, Frost 
Heave Tests to be carried out on chalk specimens stabilized with 
various percentages of sodium silicate and specimens with other additives 
plus sodium silicate. Some suggested “other additives" are ordinary 
portland cement, sulphate resisting portland cement, blast furnace slag 
cement, high alumina cement.
8.4 GENERALLY
Chalk can be made very much less frost susceptible by the 
use of various additives. If this can be done economically the cost 
.savings in road construction would be considerable. A project carried 
out at the Road Research Laboratory showed that chalk could be 
.satisfactorily stabilized for frost resistance and compressive strength 
. by the addition of approximately 12$ to 14$ of ordinary portland cement. 
This present research Indicates that this amount of cement can he
- 113 -
considerably reduced if 1$ to 2$ of sodium silicate is added.
The addition of sodium silicate to cement stablized chalk has been 
shown to have the following advantages;
(a) Considerably increases the seven day 
compressive strength.
(b) Improves the workability and probably 
makes compaction easier.
(c) Increases the frost resistance.
It is considered that a field programme in which a length 
of roadway where cement and sodium silicate stabilized chalk is used 
as a sub-base and/or base, would be a very worthwhile undertaking.
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